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. ABSTRACT

The neutron flux from an underground nuclear explosion has recently

been used to measure nuclear cross sections. For the exper~rnenterit is

of interest to know the neutron spectrum and intensity emerging frcm the

top of the pipe leading to the nuclear device.

A short time following the nuclear explosion and after many fast

neutrons have escaped, the local neutron spectra in the bomb debris will

be in thermal equilibria. The spectrum of neutrons leaking from this

debris will depend on a superposition of these local Maxwell Boltzmann

distributions each with its characteristicdrift velocity @o.

Theoretical esqwessions are derived for the low energy neutron

spectrum emerging from a long narrow pipe. The theoretical predictions

agree reasonably well with measurements obtained from the Parrot Shot in

Nevada in the Spring of lg6’j.
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I.

The problem to be solved

moving radially outwards with

INTRODUCTION

is: given a spherical ball of bcmb debris

material velocity ?O and containing neu-

trons in local thermal.equilibria, then what is the neutron spectrum on

top of a long narrow pipe of length R and radius ~ (Fig. 1). It is as-

sumed that the debris density has become so small that no further neu-

tron collisions will occur; in other words, the neutrons do not find a

diffusive medium anymore. The neutrons are therefore liberated from a

moving source containing “bottled up” neutrons with local l%xwell Boltz-

mann distributions. The spectrum on top of the pipe will depend on how

much one “sees” of the bomb debris sphere looking down the long narrow

pipe. This problem has been discussed pretious~ by Nordheim, as well1

2
as Bell. This paper looks at the problem in a more general.way,and the

case treated by Nordheim and Bell becomes here a special.case where the

observer looking down the pipe sees only

s*ere.

a “Pencil” of the bomb debris

lL. W. Nordheim: Neutron Spectra from a
entific Laboratory Memorandum, July 30,
1964.

Mowing Source, Los Alamos Sci-
1964, and Addendum, July 22,

*G. I. Bell, private communication,August 19, 1964.
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In Section II we derive the general case where the observer sees a

general portion of tie debris sphere.

Subsequently infections III and IV we discuss two special.cases

called the “pencil” model and the “spherical”model. As the name im-

plies, we will see the whole sphere in the “spherical”mode~and in the

“pencil” model we only see a small pencil-like section of the debris

s~ere. In Section V we give the numerical bomb parameters relevant

to this investigation. The theoretical predictions of the neutron spec-

trum on top of the pipe are compared with the experimental data from the

“Parrot” shot.

The effect of the finite bomb debris sphere on measurements is in-

vestigated in Section VI.

9



II. THERML NEUTRON SPECTRA FROM A RAPIDLY

EXPANDING M4TERIAL SHERE

The initial neutron density in the debris is assumed to be a Max-

well-EOltzmann distribution.

EQNl

Here the drift velocity is equal to the material velocity ?., and ?~ is

the neutron velocity relative to ?.. In Appendix A we derived an ex-

pression for the number of neutrons passing through the unit area per-

pendicular to direction ~. at R (Fig. 1) in the time interval AT about

T. The initial neutron m~ationh(~’~v~fio}o+) in Eqn= A-14 creat~

by the ~-function source becomes

-$ ~ [V%V02-2WOCOS$OI
h(i?,v,Ro,O+) = c(?)e x V2 l!QN2

and Eqn. A-14 becomes

( 2-2WOCOS$03
2X32* dcos$o c(~)e

- &[v2+vo * V2 Av
JO(?,T)AT = ~

.

so&=ce

10

I!QN3
,
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CASE I: uniform gas, i.e. c~) = const.

from 5 = O to ~ = so; V. = const.

The assumption made above means that the neutron production is uniform

over the debris sphere and the debris velocity is constant in the radial

direction. The evaluation of Eqn. 3 is

(Fig. 2), i.e. regions I, II, and III.

in the integrals are reversed becau6e -

in the three regions

split into three intervals

The limits of variable cos~o

dcos$o = sin $Odtio. We get

co

! [J
1.0

JO(?,T)AT
= 2* ?2% $ dcos~oe

- & [v2+vo2-2vvocclsl@

Av
+

o Cos$oo

[

-COS*OO

+ dcos~oe
- &[v2+vo2-2vvocos$ol

1+
J-1 .0 J

I
+Cos$

00
q/sin*.

- & [V2+V02-2WOCOS*O]
+ 2% dcos~oz e

RR I
~2d<

-Cos+
00

0

EQN4

In the 3rd term in Eqn. 4 we assume that

~

T/sin$o
3

52% =
o (sin3*o)3

EQN5

and that the average value of sin $0 or (sin $.) can be found graphi-

cally over region III in Fig. 2. This step is convenient to obtain a

11
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simple solution for the 3rd term in Eqn. 4.

After solving for the definite integrals in Eqn. 4 we get

or

Jo (F, I12)AT

Av =

+

+

rearranging

Jo(?,T)AT

Av “

+

.

From Appendix B,

2* :Cvm

[
e-~ (V-VO)2

-e-z%
(V2+V02.2WOCOS$00 )

5 -t
3m VA R’ ‘

u

e- & (V2+V02+2WOCOS*00 )
-e-&

(V+VO)21+
21rq3cvK!r

[

e- * (V2+V02-2WOCOS* )
00

3mvo(sin3~o)R2

- * (V%02+2WOCOS*OO)
e

1

21t503cvK!r

3mvoR2
{-

e
~ (V-vo)p -e-& (V+vo)2

+

1F—-3 e-~ (V2+VO%V Cosqr )
o 00

~J( sin3Wo)

e- &
(V2+V02+2WOCOSV00 )1}

Eqn. B-10, we get for the constant c in Eqn. 7

.

13



N
2Y(KT-3/2c=~

V. ()T

where

No =

V. =

We insert Eqn.

Jo(~,T)AT

Av

total thermal

sphere volume

8 into Eqn. 7

EQN8

neutrons produced in sphere

in cm3

No v m l/2

01

e- &
(v-vo)’ -=- (V+VO)2

-e’m=—— — +
4fiR2 ‘0 ‘Xw

+
3

1[

e- &
(V2+VO’-2WOCOS*O0 )

-1
~~(sin3*o)

-e-&
(V’+VO’+2WOCOS*OO)

II
QN 9

We introduce the following relationship between Vo, the material debris

velccity, and the neutron temperature ICI!

also

Is=:
o

EQN 10

EQN 11

We insert Eqns.10 and 11 into Eqn. 9 and get finally for the general ,

.

14



case

No
Jo(i?,T)AT = — {l~UAU e-p(H)2 - e-p(U+1)2

kR2 X
+

+
~3

1[

-1
e+ (U2+1-2VCOS*OO)

~~(sin3*o)

11

- e-f3(u2+l+2Ucosvoo)

Equation 12 gives the number of neutrons passing through the

perpendicular to~o at # (Fig.A-1) in the time interval AT

EQN 12

unit area

about T

in terms of that ~rtion of the initial neutron ~pulation at i? with

energies specified by AU about U. This is for the general case in

Fig .

tion

2 where an observer, looklng down the pipe, “sees’ta general por-

of the neutron generating sphere.

!Ihisgeneral case in Eqn. 12 is not e~loited numerically in this

paper,but in the following we treat two practical cases which represent

the two limiting cases to the general case expressed in Eqn. 12. The

first case is called the “pencil” model where the observer looking down

the pipe sees only a small narrow pencil-like section of the neutron

producing sphere. The second case is called the “spherical” model where

.

the observer sees the whole neutron producing sphere.

15



III. l!~~~~tl

Here the observer sees only a small

M3DEL

narrow pencil-like section of

the neutron producing sphere (Fig. 3). For this case it follows from

Eqn. 3, Eqn. B-10, and evaluating the exponential term in Eqn. 3 for

COS~o ‘U1 and COS~o * - 1

N ()
~x~ -3/2UoV2AV

[
e- &

(V-vo)p -* (V+VO)2
Jo(#,T)AT= # ~ — Q i-e 1

0

Eqn. 13 by fir2,

2R’

EQN 13

the aperture area of the pipe, and using theMultiplying

bomb parameter value @ = mvoz/2KL’= 1 (see Section V), we have

3 3where U. = pencil volume in cm , V = sphere volume in cm , N = total
o 0

thermal neutrons produced, U = v/vo, and V. = J“. Equation 14

gives the total neutrons passing

on top of the pipe perpendicular

source.

through the aperture area xr2 (cm2)

to 60 at distance R (cm) from the

16
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For comparison, we give below the correswnding equation for the

hypothetical case of V. = O.

2
2 No u

mv
-m

fir2Jo(i’,T)AT = ~ — —
2R2

$ v2Ave

T
G2KT0

mm

EQN 14a

18



IV. “SFHERE” M3DEL

Here the observer sees the whole neutron producing sphere (Fig. 4).

For this case it follows from Eqn. 3, Eqn. B-10 and integrating Cos$o

in Eqn. 3 over the whole range + 1 to - 1

Jo(~,T)AT = .o(~J3’2g ~gv [:* (v-vO)’ -:* (V+vo)’]l

As in the pencil model

Eqn. 15 by tir’,obtain

EQN 15

we assume again that $ = 1, and, after multiplying

r’ &2Au
fir2Jo(i?,T)AT= —

4R2 & [
A,e -(u-l)’- e-(w)’
u II w 16

where ~=~,v=
o P

— ~ No = total thermal neutrons produced.
o

m

Equation 16 gives the total neutrons passing through the aperture area

fir’(cm’) on top of the pipe perpendiculsx to ~. at distance R (cm) from

the source.

19
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For comparison, we again give below the corresponding equation for

the hypothetical case of V. = O.

r2 No 2
V2

v Avfir2Jo(#,T)AT = — — — e- &

~2 n
P

m
Xiii

21

EQN 16a



V. NUMERICAL EVALUATION OF “PARROT” ESCAPE SPECTRUM

The eqxa?imenbl set-up (Fig. 5) has been described in the open

literature.3

The numerical values for the quantities shown in Fig. 5 are listed

below. These values are subsequently used to numerically evaluate Eqn.

14 “pencil” model and Eqn. 1.6 “sphere” model.

24
No = 0.06848 X 10

V. = ‘5.24X 105 cm3

U. = 3.24 X 104 cm3

R = 182.18m

y.1.2m

KT = 474 ev

V. = 0.3 cm/sh

“Parrot” neutrons released in thermal

equilibrium

Bomb debris “sphere” volume at time of

neutron release

Bomb debris “pencil” volume at time of

neutron release

Distance bomb debris center to fission foil

detector of area fir2= 1.037 cm2 pipe radius

q = 10.16 cm

Total yield of “Parrot”

Bomb thermal temperature

Material velocity

These individual quantities shown in FYg.

briefly.

5 will nowbe discussed

3“Neutron
Diven.

Time of Flight _riments USiw
Submitted and to be published in

22

Nuclear E@osions,” B. C.
Oct. lg67 issue of SCIENCE.

.
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FIG. 5. UNDERGRO~ NUC= TEST
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a. No, Parrot neutrons released in thermal equilibrium; Vo, debris

velocity and KT, Parrot bomb thermal temperature.

In a nuclear device a configuration of fissionable material is

driven together by exploding the surrounding high explosive layer.

The assembled configurationwill reach supercritical.ityand the

released fission energy will cause the rapid expmion of the bomb.

The debris will move radially outward, including the hydrogeneous rem-

nants of the high e~losive layer. Before the high explosive moderator

or reflector moves away, it is assumed that the fission neutrons born

have come to a thermal equilibrium by collisions with the bomb debris.

During the expansion @ase a time will be reached where the sur-

rounding moderator (high explosive remnants) comes to such a low den-

sity that the thermal neutrons till cease to make collisions with the

high explosive debris. We are therefore confronted with the problem to

determine the neutron spectrum ccnhingfrom a moving source, as seen in

the Laboratory system. The material velocity V. of the debris becomes

the source velocity of the “bottled up” thermal neutrons.

From coupled hydrodynamics--neutronicscalculations--the number of

thermal neutrons No can be determined as well as the velocity V. of the

high eqLosive debris. A reasonable estimate of the HE debris velocity

V. at the time of thermal neutron release is 0.3 cm/shake. me debris

temperature may now be deduced by using the fact that, behind a strong

shock, internal energy per gram equals kinetic energy per gram: for the

24
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essentially

vo2-

thus obtain

b. Pencil

completely ionized HE components, this translates to

with xlstill representing the mass of one neutron. We

K!r~474 w.

and sphere volume, Va and Ufi.

The volume of the debris smere Uo, as well as the pencil volume

Vo,is determined

sphere volume V.

thermal neutrons

from the same calculations mentioned previously. The

is the configuration in which the mean free path for

in the high ~losive remnants becomes so large that It

will no longer act as a diffusive medium for thermal neutrons.

c. Depth of underground nuclear e.Qlosion, R.

!lhequantity of interest in this report is R = I&. I.8 m and the

foil area tir2= 1.037 cm20 The fixed aperture a?ea just beluw ground

level is 0.9698 cm2. The fission foil is a few feet above ground level.

d. Evaluation of “pencil” and “s@here” neutron spectrum.

Equations 14 and lha, and Eqns. 16 and 16a are evaluated for even

steps in the dimensionless vsriable U = v/v. (Table 1). For U = 1 the

neutron velocity v traveling up the pipe is equal to Vo, the debris

velocity. Table 1 assumes a bomb thermal temperature of 474 ev. Col-

umns 2 through 8 are evaluated from the following relationships

V a ~ x V. = 003~ (cm/sh)

Av= Alfx Vo= 0.3AU (cm/sh)

25



E(Mev) = &@@

(13.827)2

AE(Mev) = v(cm/sh) Av(cm/sh) 2
(13.827)2

T(sh) R(cm) 1.8218 x 104

‘-= v(cm/sh~

AT(sh) =
R(cm)Av(cm/sh) = 1.8218x 104 Av(cm/sh)

[v(cm/sh)]2 [v(cm/sh)]2

Note that the intervals Av, AE and AT follow from the arbitrarily chosen

interval AU.

The numerical expression to evaluate

models and assumptions are listed below.

“Pencil” model; V. = 0.3 cm/sh; V.

Table 1, Column 9. m

Jo~,T) in Table 1 for au

c2KTa
T

= 474 ev.

From Eqn. 14 we get

fir2Jo(~,T)AT=

----- -----
[1.1878x1012 lr2AU e

- (U-1)2
1

+ e-(u+l)2 EQN 17
----- ----- ----- ----- ----- -

“Pencil” model;
c
2K!r

v. = 0, Maxwellian; ~ = 0.3 cm/sh

From

Table 1, Column 10. W= 474 ev.

Eqn. 14a we get

-15 V2
fir2Jo~,T)AT = 8.7985x10-11 v2Ave-l”llllx10

26



From

---

From

c2KT“S@ere” mcdel; V. = 0.3 cm/sh; V. = ~

Table 1, Column 11. KT = k~b ev.

Eqn. 16 we get

xr2Jo(?}T)AT =

----- ---
/[9.6047x1012 lJ2AlJ + e- ‘U-1)2 - e

- (W1)2
1/ m 19

---- ---- ----- ---- ---- :--- --

“Sphere” model; v. = 0, Ikxwellian; c * = 0.3 cm/sh

Table 1, Column 12. K!I!=474 ev.

Eqn. 16a we get

-15V2
fir2Jo(i?yT)AT= 1.4263x10-9 V2AV e

-1.U1I.X1O
EQN 20

For our case fir2=

The last four

1.037 cm2 and AT

columns of Table

is taken from Table 1.

1, as well as the ewerimental data,

are plotted in Fig. 6.

me experimental data agree reasonablywell~ti tie calc~ated

pencil model values. The neutron flux is “contaminated”with “reflected”

neutrons which are not included in our calculations. The first peak at

18 ev is probably due to reflected neutrons from the bottom of the hole

which picked up some energy from the “pre-heated” lining of the cavity.

At higher energies above 3 kev we get the neutrons which have been slowed

down from higher energies. This energy range is not included in this

discussion, as we limited ourselves to the thermal -t.

27



r
-
l

!
n
l
n

tn
ln

o
o

0
0

00
0

~
C

J
~
c
J

~
O

.O
8
s’8

s8
8
0

0
,
+

+
+

!
-
l

.
-
l

.
-
l

-1
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

0
0
0
0
0
0
0

0
0
0
0
0
0
0

0
0
0
0
0
0
0

0

!
-
l

a
.

m
~

L
n
u
l

F
-
c
o

m
o

N
S
u
l
c
o

o
a
l

Sw
m

0
-

q
<

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

0
0
0

0
0

0
0

0
0

,
+

,
+

f
-
i

.
+

,
+

N
a

N
C
u

al
m
r
o
h
l

.

28



.
Ill

I
I

111111
I

I
cl’’’’’”

‘
111111

I
I

111111
I

I
111111

I
I

111111
I

I

L
o

L
I

1
,
,
,
,,,
,
,

l
,
,
,
,
,
,
,
,

l
,
,
,
,
,
,
,
,

/
,
,
,
,
,
,
,,
1
,
,
,
,
,
,
,
,

1
,
,
,
,
,
,
,
,

~
&

w
0

g
~

--
IO

-Q
~

-Q
g

--
~

1
Uiii

>al



,

VI. EFFECT OF FINITE BOMB DEBRIS SIHERE ON MEASUREMENT

In our derivation Of flr2Jo(~~T)ATfor both the “Pencil” -d “sPhere”

mode~~Eqns.14, 14a, 16, and 16a, we assume that the neutrons are released

frcm a point source. Experimentally we count and determine the energy of

the arriving neutrons solely by their arrival time.

Neutrons of energy E born either on the back or front side of the

debris s@mre with AR = 1 meter (Fig. 7) will therefore arrive at dif-

ferent times at the fission foil detector. This difference in time of

flight will be Interpreted wrongly as energy differences in the point

model. We will discuss the expected experimental results for a neutron

energy of 8.8 ev and assuming the debris dimensions shown in Fig. 7.

This particular energy is chosen since fi35 has a strong resonance at

this energy.

Point Source, Case A.

We assume that the fission foil detector has a large and narrow

resonsnce at E = 8.8 ev. AU neutrons of energy E = 8.8 ev released

fran the point source (Fig. 7) will arrive at the fission foil detector

at T = 4.4416 x 10-3 sec. Since this burst of neutrons has an energy

of 8.8 ev, we till detect the neutrons properly by the @35 resonance

at 8.8 ev in the fission foil.
.

30
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This correlation of the emitted neutron energy, the arrival time

and the known resonance in the fission foil represents an effective

checking mechanism on the neutron energy which arrives at the fission

foil. Since the neutron arrival time is the “sole” quantity which de-

termines the energy, we might easily be misled by neutrons of different

energy which have been “bouncing” around in a non-direct pattern and

just happen to arrive at the same time as the “direct” neutrons. This

uncertainty can be discarded if one exposes a fission foil with known

resonance structure. If one picks up these resonances, demonstratti by

increased counts in the time sweep, we know that these are indeed neu-

trons corresponding to energies of the individual resonances.

Source at Front and Back, Case B.

Case A made the assumption that all neutrons are released from an

ideal point source. We now assume that half the neutrons (E = 8.8 ev)

of the point source are released from the front and the other half from

the back of the bomb (Fig. 7). Since we determine neutron energy by ar-

rival time, we will interpret the differences in arrival time due to dif-

ferent source locations as differences in the neutron energy. We ask

what this apparent energy would be for both “front” and “back” neutrons

if the neutrons have been released at the source with E = 8.8 ev. We

also assume again that the fission foil has a resomnce at this energy.

Neutrons with E = 8.8 ev from the front arrive at 4.42g4 x 10-3 sec and

from the backat 4.4538x 10-3 sec. The apparent energy difference is

.
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AE 2AR 2x8.8x1oo—a—
ER= = 9.6608 )(10-2

1.8218x10F

‘E(E43.8w) ‘0”0%6‘v”

EQN 21

Figure 8 shows the recorded counts for Case A and B.

If the separation of the

we can deduce that the source

AR = 100 cm. This can be the

two peaks (Case B) is larger than 0.08 ev,

must be outside the debris sphere of

case if fast neutrons escape the debris,

and are subsequently reflected from the bottom of the hole which con-

tained the device. These reflected neutrons can be moderated in the

soil and will find their way back up the pipe. Cold neutrons can also

pick up energy from the shock heated lining of the hole. Since the

neutron energy is determined solely from arrival time, it will not tell

us their past energy history. It is, therefore, quite difficult to ac-

curately say much about neutrons which did not arrive at the detector

in a straight time of flight fashion from the bomb debris.

●
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APPENDIX A

The distribution in flight time of neutrons reaching a detector remote

from a pulsed source.

Theory.

We assume a localized neutron source S(~,E,fi,t)according to Fig.

A-1 .

Boltzmann Equation.

laq(i?,Ej?’’t)+@o .v@,E,d,t) = @’,E,i,t)
7 at

Here the usual scattering term is missing since

the source and the observer.

Integral Form.

Here neutrons which leave the source at t - Z/v

EQN A-1

we assume vacuum between

EQN A-2

with constant velocity v

arrive at the observer at time t. In the integral form the second term

in Eqn. A-1 becomes zero due to the assumed ~-function source pulse

width.
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Total flux at point of observer

J
source

Total current at point of observer

-+-+
J(r,E,t) = I q(~,E,%t)@

ExJNA-4

Delta Function Source.

8(i?,E,~,t) = 80(#,E,fif5(t) EQN A-5

We now integrate tie Boltz- equation)Eqn ● A-1) fr~ 0- ~ t ~ 0+ and

obtain the initial neutron ~pulation created by the 5-function source

at i?.
r

.
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(y (~;E,@,O+) = h(~, E,~,O+) = So(P’,E,@) EQN A-6
v

From Eqn. A-6 and Eqn. A-3 we set for the total flux at the point of ob-

server 9.

The total flux @ at the observer is due to the initial neutron

h at time 0+ on the spherical surface (P-i?) = 4.

For a localized source and distant field point F, ssy the

.

EQN A-7

density

distance

R from the source center, what is the total current passing through a

unit area at F’in the time interval AT at T? The above statement im-

plies that the source dimension AR is small compared with R, the dis-

tance between the source and the observer. AT is, therefore, large com-

pared to the neutron transit time across the source (assuming constant

velocity) but still small (increment) compared to the flight time from

the source to the observer.
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If one integrates Eqn. A-8 over dt first, we get

. ?smfm=f+J-(*)h(~)E:+D.+)+’QNA-9

o source

where the range of E or v and I(r’) or R is restricted by

AT I(P)T2SY-— ST+? INN A-10

Equation A-10 ~resses the time of flight concept; that is, the energy

of neutrons arriving at the observer is solely determined by the neutron

arrival time T.

The neutron energy or velocity which is deduced from the flight time

T iS

v
+-

R+AR 2
max= T-AT22 *

-+

= R-AR 2
‘rein ~AT2%%

or Av
.~AT

$
IQN A-n

To better see the meaning of this approximation, we sketch Fig. A-2 on

the l,V plane, that region containing t - !/v = O for T -~StST+~

and R -$&~SR+#O
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The hashed area element in Fig. A-2 indicates the loci of L,v points

which permit neutrons to reach the observer at t = T in + AT/2. Our

above assertion that AT be large compared to the transit time of a

neutron across the source (i.e. AT >> AR/v) implies that the change

in v along the 4 = (TA AT/2)v borders of this area element is small

compared to the change Av ~ v
max - ‘rein)

along the 4 = R & AR/2 borders.

The approximation, that v and T (or E and T) are functionally related,

breaks down for the time resolution AT = AR/v, and this corresponds to

a velocity (speed) or energy

Av AR AE—gFg=
v

resolution

EQN A-12

For the case of interest in this report ~

therefore for AE IBO.1O8ev. For the above

:0.005. For E = 10 ev we get

numerical example the uncer-

tainty in the source position produces an uncertainty in the energy of

O.l ev.

In Eqn. A-9 we change the variable E to v.

-+ J( )
d -0,

Jo~,T)AT = dr’ ~h

source

4’ 4 -),
r-r i-Av

r ,v, ~ , 0 ~ EQN A-13

Since

-b-$

(’)

G-F:t*) *
r-r
T:~”%

and
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where

Jo(~,T)AT =
[

dr’h(i?,v,~o, ()+) ~
R

i30&-ce

EQN A-14

Av=R~; AE=~Av
T*

Equation A-14 gives the number of neutrons passing through the unit area

perpendictiar to do at # in the time interval AT about T in terms of that

portion of the initial neutron population at # with energies specified

by Av about v. The conversion from the time distribution function,

JO(2’,T),to an energy distribution function> saY Jo(E\E) ‘eutrons *=

cm2 per unit energy interval, or a velocity (speed) distribution func-

tion~ say Jo(~,v), is readily accomplished through the obvious relations

Jo(~,T)AT = Jo(~,E)AE = JO(F,V)AV EQN A-15
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APPENDIX B

Total source strength.

We want to determine

duced are

f’

factor c in Eqn. 1. The total neutrons pro-

f f’ f’
No= / dr’ / dv ~ do I dtS(r’, v,@,t) EQN B-1

J Jr Jrt Jt
source

The initial neutrons

No =

J

are produced instantaneously

JJ

dr’ dv CM h(?’v,~,O+)

v z

by a ~-function source

EQN B-2

sotirce

The initial neutron population h(*, v,~’O+) creatd by the b-function

source is as in Em. 2.

-$ (V%V02-2WOCOS$O)
h(i?,v,~,O+) = ce x V2 EQN B-3

In Eqn. 2 we had the preferred direction

over all directions ~. We also make the

that the neutrons are produced uniformly

fio,buthere we want to integrate

same assumption as in Eqn. 3

over the sphere.
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Inserting Eqn. B-3 into Eqn. B-2 we get

Here the limits of tie last integral are

(V2+V02.2WOCOS$O)
x V2 ~ B-4

inverted since dfl= 2X sin $Od$o

= - 2fidcos~o. The last integral over the angle *O we can readily inte-

grate over its limits. We get

First we integrate Eqn. B-2 over v. We integrate the two exponential

terms sepu-ately. The first term is

[

m

valve-%
(V-v.)2

r

-* (V-vo)p
= (v-v.)d(v-vo)e

Jo JO

[

co
-* (V-vo)a

+ vod(v-vo)e

Jo

EQN B-6

Jx
o

44
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The second term is

J

w

J

vdve-%(v+v0)2= ~(v+v)d(v+v )e-*(v+v0)2
o 0

0 0

I
co

-* (V+VO)2
- vod (v+vo)e

o

[

al m

m!
-x

C[
-Y22

=— dx2e2-vo ~
m

dy2e

Jx

o

The difference between Eqn. B-6

+-r[2x!i!
v

0 Gi-
dye-y2

Equation B-5 now becomes

Jy
o

and Eqn. B-7 is

c
2%K!J!

=V
o Y

23tcKT
No=y

/-J
21m
-iii dr’

source

We can now determine the constant c

No
27cm -3~2

c =—
V. ()-7ii-

EQN B-7

EQN B-8

EQN B-9

EYiJ,NB-10
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where No = Total thermal neutrons produced in sphere

V. = Source volume in cm3

T ~ = Most probable neutron velocity in Boltzmann distribution
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APPENDIX C

Relationship between N(t) (neuts/cm2/see) at fission foil and h(E)

(neuts/Mev) at point of explosion.

The following relationship holds

N(t)dt =h(E)dE~
4YCR

where tir2/hR2 = 2.486x10-10 geometric

termine dt

m!N c-1

attenuation factor. We first de-

1.8218x 104CIU
‘(see) = $ = 13.827 JEEJx 105 (cm/see)

‘5 E(Mev)
-1/2= 1.317 x 10

dt = E-312 ~ 1*317 x 10-5
2

Substituting dt into Eqn. 26

N(t) =h(E) $&h(E) E
3/2 2

x 2.486 )( 10-10

1.317X1O-5
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We finally get

N(t) = 3.775 x 10-5 E3’2(Mev) h(E) EQN c-2

Equation C-2 is the conversion formula to convert virgin escape neutrons

from the bomb h(E) in neuts/Mev to N(t), the neutron flux in neutrons/

cm2 sec at the fission foil of area fir2 = 1.o37 cm2 at R = 182.18 m.

The quantity in neuts/Mev is a convenient quantity in bomb diag-

nostics, since the integral over energy of h(E) represents the total

number of neutrons leaking from the device, which can be directly re-

lated to such quantities as the yield of Parrot and fission neutrons

born.

.

48


